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Abstract

A smart beam with embedded sensors and actuators was analyzed

and tested. The smart beam studied was constructed from graphite

and epoxy with piezoceramic actuators and NiTiNOL sensors embedded.

It was mounted vertically and subjected to transverse dynamic

loading at the free end. Analytic expressions for the open loop

and closed loop response (using strain rate feedback control) of

the beam (including internal damping) to external forcing were

derived in detail. Experimental testing of the beam verified the

accuracy of the predicted open loop response.
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EXPERIMENTAL AND ANALYTICAL ANALYSIS

OF THE

RESPONSE OF A SMART BEAM

TO

RATE FEEDBACK

I. Introduction and History

1.1 Background

Designers of the first space vehicles were met with many

difficult obstacles to overcome. Launch-to-orbit, orbit insertion,

stationkeeping - all of which are relatively simple procedures

today were formidable challenges just a few years ago. Those

pioneers, however, did enjoy one great advantage. They had little

or no requirement for attitude control, let alone low pointing

tolerances. The ECHO program, for example, was merely a reflective

sphere. Its effectiveness was invariant of attitude. In recent

years, however, the need for increased pointing accuracy has

increased. Narrow- beam communications satellites often require

pointing stability to within 0.1 degree. But, the beam(s) they

transmit/receive are cones, often 1 degree wide or larger. This

translates to 25 (or more) square mile radiation patterns on the

earth's surface. In comparison, the SDI directed energy weapons in

development today require pointing accuracies as low as one
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nanoradian. (12) Vibrations from the vehicle's reaction wheels and

other mechanical systems aboard will cause greater disturbances

than this. (12,20) Additionally, the abrupt torques on the vehicle

from repositioning thrusters used to re-target the entire 30 ft.

dia. focusing mirror in fractions of a second will cause huge

transients. (12) The enormous size of these spacecraft, coupled

with their low weight/low bulk restrictions makes for a large, very

flexible structure. Today's lightweight, strong spacecraft-grade

construction materials inherently possess a very low damping

factor. Consequently, once vibration energy is introduced into the

structure, it remains there for a long time until it is eventually

dissipated by the viscoelastic mechanisms within the structural

materials. Overall internal damping of these structures is on the

order of < 0.5%. (23) But whether the satellite is trying to

destroy a nuclear warhead thousands of miles away, travelling

thousands of miles per hour with a laser beam, or whether it is

communicating with another satellite using a laser beam only a foot

in diameter at data rates in the GHz range, the long settling time,

associated with low damping coefficients, is entirely unacceptable.

One solution is to relax the stringent requirements on

pointing accuracy. Lut today's level of particle beam technology

requires that all of the available power from the beam be held on

the target for a finite period of time much longer than the period

of oscillation of the vibration source. (12) And widening the

beam of a laser communications link defeats two of the main

advantages of laser communications; undetectability and anti-
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jammability. (20) If we allow a structure like the space station

to vibrate uncontrolled, it would have detrimental effects on the

structural integrity of the station, degrade or destroy experiments

performed in its labs, and affect the health of the crew members.

Clearly, something must be done to control vibration.

There are two main categories of damping - active and passive.

Passive damping employs the use of materials or devices which

dissipate energy without any external control or energy source.

Examples are shock absorbers, friction joints, rubber, clay, foam,

viscoelastic structural materials, etc. Effectiveness increases

with applied frequency for viscous/viscoelastic devices and

materials. Unfortunately, effectiveness also increases with size.

This translates to an increase in weight and bulk. These are very

high cost factors in spacecraft design. Therefore, large amounts

of passive damping are not usually acceptable.

Active damping may be applied open-loop (no feedback) or

closed-loop (with feedback.) Active control requires some sort of

actuator, which acts as the link between the electrical and

mechanical systems, and it also uses an electronic control system.

The controller may be digital, analog, or a hybrid of the two, but

its purpose is to drive the actuator in such a way as to remove the

vibration energy from the mechanical system it is attached to. The

open loop controller controls the structure based on expected needs

of the structure, without regard for the actual state of the

structure. Thus, if the system state varies from the system model,

catastrophic results may occur. It is desireable then to know the

3



present state of the system so the proper control signal may be

applied to it. This is the advantage gained with closed-loop

control.

Closed-loop controllers also use actuators, but additionally

employ sensors which detect the state of the system to be

controlled. The control electronics close the loop by driving the

actuators with direct regard for the state of the system and

sometimes accept inputs to acheive (and control to) a new state.

This is by far the most flexible (and potentially the most

effective) method for active damping. However, it is also the most

complex, most expensive in terms of development costs, and least

reliable. It is generally also the least robust. It seems,

though, that closed-loop control is the only method that will meet

the strict requirements of many of the designs of the future.

This work is in support of the SDI research conducted at the

Phillips Laboratories, Edwards AFB, CA. In particular, the

directed energy systems. The 30 foot diameter mirror discussed

earlier is very flexible. So are the 30 foot support tripod legs

for its focusing mirror. If the mirror or its tripod legs are

allowed to vibrate with deflections greater than the 5 - 50 micro-

meter range, the directed beam will defocus to the point of

uselessness. (12)

Repositioning within tenths of a second is required to destroy

the multitude of warheads possible during a limited attack. The

vibrational transients for such an event are large and must be

damped out almost instantaneously. Passive damping would prove too
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heavy and ineffective, so active damping within the many support

beams is required. Smart beams provide that active damping. A

smart beam is a standard structural beam, with any cross-section.

What makes it "smart" is its embedded actuators, sensors, and

control electronics. Although, in the strictest sense, embedding

of the components is not mandatory, it is desireable. (11,15) The

beam senses its own state and drives itself to the new, desired

state. But designing such a beam is not so simple. Many

engineering disciplines must be employed simultaneously to effect

such a design. For example, foreknowledge of controller

limitations will drive actuator and sensor design and placement.

The mode shapes and frequencies of the beam and the structure it is

attached to will govern the type and order of the controller used.

There are many types of sensors and actuators which may be

used for active control. Embeddable sensor materials include

piezoelectric ceramics, NiTiNOL wire, standard resistive strain

gauges, and fiber optics. Fiber optics are very sensitive to

strain and may be designed to detect several bending modes - two

very desireable traits. (13) However, they are fragile and require

a great deal of support electronics. Reliability is considered

very low. (4,12) There is also a great deal of research left to do

to make this a viable technology. Standard resistive strain gauges

(as opposed to NiTiNOL wires) are not sensitive enough to detect

low amplitude transverse vibrations, although they are low in cost

and complexity. NiTiNOL wires are basically strain gauges oriented

axially along the beam, but because they may be any length desired,
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they are capable of detecting small strains over a greater length

than a strain gauge, producing a large enough output to be useful.

However, as we will see, if a strain-type sensor spans a node of a

particular bending mode, that mode may not be detectable. As an

illustration of this, the NiTiNOL sensors embedded in the beam

studied ran the entire length of the beam. Only the first two

bending modes were detectable because the sum of the strains of all

of the differential elements of the strain gauge rendered the third

mode unobservable. If a mode shape were symmetric, such as the

second bending mode of a pinned-pinned beam in bending, the

integral of the strain along the surface of the beam is zero.

Thus, no net strain in the sensor. Of the four types of sensors

mentioned earlier, piezoceramics are the most promising. They are

sturdy, easily embeddable, sensitive to small strains over a small

area, require fairly simple conditioning electronics, and small

sensor elements can be dispersed over the entire length of the beam

in order to detect as many modes as desired.

There are also many different types of actuators available for

use in smart structures. The most attractive are piezoelectric

ceramics, electrostrictive ceramics, and shape memory alloys (such

as NiTiNOL). Piezoelectric ceramics can operate over a large

bandwidth, thus may be used for controlling high frequencies. They

are also linear over a wide range of strains. On the other hand,

they require large voltage potentials (at low currents) be applied

across their surfaces. Shape memory alloys can produce large

actuator forces, but they require fairly large currents (at low
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voltages.) This material is thermally activated by the current

passing through it. Heating causes it to return to its original

shape. Cooling allows it to relax. Because of the thermal inertia

involved in this process, the bandwidth of the actuator is

extremely limited, to as little as a few Hertz. (4,12)

Electrostrictive ceramics have two significant drawbacks: they are

very non-linear, requiring a bias voltage to achieve a degree of

linearity over a limited range, and the electrostrictive property

is a quadratic function of temperature. Both are unacceptable

traits. (12) For all but very low frequency (0 - 5 Hz)

applications, piezoceramics are the best choice.

As mentioned earlier, the beam studied here incorporates

NiTiNOL sensors and piezoceramic actuators. These will be

discussed in greater detail.

1.2 NiTiNOL Sensors

NiTiNOL is a shape memory alloy. These alloys may be formed

to a desired shape and heated above a specific threshold, at which

time they "remember" that shape. After cooling, the material may

be deformed into another shape. Application of heat from say, an

electrical current, causes the material to return to its

"remembered" state - providing the temperature does not again reach

the higher level used to impart the remembered shape. If

restricted from returning to this shape, considerable force may be

generated ( a 0.007 inch diameter wire of 55 NiTiNOL will produce

7



approximately one pound of force.) (12) Hence its val:ae as an

actuator. These materials may also be used as sensors because

their electrical resistance changes with strain. Allowing a small

current to pass through a wire made from this material will cause

a varying voltage drop across it as strain is induced. Therefore,

it may be used in place of standard strain gauges. NiTiNOL wire is

used for both sensing and actuation. The generic name of the

series of shape memory alloys is 55 Nitinol. NiTiNOL was patented

in 1965 by Beuhler and Wiley of the then U.S. Naval Ordinance

Laboratory and is an acronym for Nickel Titanium (Naval Ordinance

Laboratory.)(16)

The Nitinol sensors are mounted along the entire length of the

beam on two opposite sides in capillary tubes in which the wires

are free to move. Both wires have a small amount of static tension

applied. Thus, when the beam bends, one wire will lengthen, the

other will shorten (see Figure 1.) They are connected as two

opposing legs in a resistive bridge circuit, so their strains add.

The output is proportional to, and is polarized according to the

direction of, the deflection of the beam. The bridge circuit is

connected to a high gain voltage amplifier which brings the signal

level from the bridge up to a useable level. This signal is then

sent to the feedback control electronics.

1.3 Piezoceramic Actuators

Piezoelectric materials transform mechanical deformations to

8
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electrical charges and vice versa. Early phonograph cartridges

employed piezoelectric materials to convert the vibrations of a

needle on a phonograph record into electrical signals which could

be amplified and converted to sound. They are able to detect down

to the pico-strain level, whereas resistive strain gauges are

sensitive, at best, to 10 nano-strains. (12) A piezoceramic

actuator, as used herein, is a small, thin sheet of piezoceramic

(1.5 x 0.6 x 0.010 inch) with electroplated top and bottom surfaces

used to distribute the applied charge. When a charge is placed

across this material, it either expands or contracts (depending on

polarity) in the plane perpendicular to the poling direction

(Figure 2.) Therefore, if transducers are placed on both sides of

a beam in bending, one actuator may be driven to expand along the

length of the beam, the other to contract, thereby creating an

opposing moment to the bending of the beam. The voltage potential

required for maximum strain of the material may be from 100V to

1000V, depending on the type. The most common materials use 150 -

300V.

1.4 Purpose

This work focuses on the implementation of piezoelectric

ceramics as actuators and NiTiNOL wires as sensors. The objective

is to accurately model the dynamics of the beam, sensors, and

actuators, then design and build a rate feedback controller,

accurately predicting the closed-loop response of the system.
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It is a study of a smart beam built earlier by Boeing

Aerospace. They used it as a demonstrator to prove some theory

they developed for a contract bid. The claims of increasing

damping from the uncontrolled 0.5% to a controlled 12% of critical

damping were not reproduceable. In the end, Boeing did not receive

the contract, but the beam did become the property of the

Astronautics Division of Phillips Laboratories, Edwards AFB CA.

The beam setup (as delivered from Phillips Labs) included embedded

sensors, the sensor amplifier, and piezo actuators, but no control

or high voltage electronics. The balance of the electronics were

designed and built during this study, based on the mathematical

models derived herein.

II. Analysis

2.1 Governing Equations

2.1.1 Beam

2.1.1.1 Beam Characterization

The Smart Beam under consideration is 56 inches long,

cantilevered (mounted vertically in a rigid base), with a hollow,

rectangular cross-section (see Figure 3). The walls of the beam

are 0.082 inches thick. It is made of symmetrically-layered

Graphite/Epoxy (GrEp). In addition to the expected bending and

12



o o

44 -

00

~U

-* = .

4..-

o0
11 4J

13U



torsional modes, this "box" beam construction allows "plate" modes.

Plate modes are the result of the walls of the beam vibrating,

causing a distortion of the beam's cross-section. These additional

modes were not analyzed in this study.

The physical properties of the beam are summarized in Table 1.

Table 1. Beam Physical Properties

Property Description Value Units

Beam Length (L) 56.0 in

Y Cross-Section Width (2H) 4.20 in

Z Cross-Section Width 6.38 in

Wall Thickness 0.082 in

Cross-Section Area (A) 1.7083 in 2

Y Moment of Inertia (In,) 10.113 in 4

Z Moment of Inertia (Izz) 5.335 in 4

Young's Modulus (E) 6.182 Msi

Mass Density (p) 3.79e-04 lbm/in3

In addition to the structural design of the beam as a load-

carrying member, there are additions to it to allow vibration

control. There are piezoceramic actuators embedded on opposite

sides near the mounting base, extending from the base of the beam

to 21" (less than half of the 56" beam length), and there are also

NiTiNOL wires (in capillary tubes) surface mounted along the length

of the beam on the same two sides as the actuators (see Figure 1.)

14



The beam was built for the Phillips Laboratories by Boeing

Aerospace. Construction details appear in Appendix A.

2.1.1.2 Equations of motion for the cantilevered beam.

The development of the model is based on Bernoulli-Euler beam

theory, Hamilton's Principle, and Lagrange's method. The following

symbols will be used:

Eb Young's Modulus of beam

EP Young's Modulus of piezoceramic actuators

Ib Area Moment of Inertia of cross-section of beam

IP Area Moment of Inertia of piezoceramic actuators

Ab Cross-sectional Area of Beam

AP Cross-sectional Area of piezoceramic actuators

p Mass density

Eb Axial Strain of beam

EP Axial Strain of actuators

C Viscous damping coefficient

w Bending Deflection of beam (in Y-direction)

T Kinetic energy

U Potential energy

V Shear force

W Work (conservative & non-conservative)

M Bending moment (externally applied)

Mn Modal Mass

15



L Length of beam

Xj Eigenvalues (dimensionless natural frequencies)

*, Mode shapes

Oi Modal Amplitudes (cyclic functions of time)

q Externally applied loading

z Distance from beam's neutral axis

h Half-width of symmetric cross-section beam

PL External force applied at end of beam

From Hamilton's principle, the potential energy (ignoring

rotational effects) is given by:

U= fL -AE , dAdx

- which can be broken down into two parts:

1) the energy stored in the composite beam

2) the energy stored in the piezoceramic actuators

U =fL A EbJCx b E- , d-A-2

0 2f:hfaf

but

f:bz2dAb =Ib

16



and

f AfAPhd = I

The kinetic energy (with an optional tip mass) is:

f 2  - d 2 2 ~WL

For this beam, mass density and cross-sectional area are constant.

2 2oAf. 2 2

The work due to natural damping of the beam is

Wvingq = f 0 bZ2 (,,) w"dAbdx

W~l CbIb L (;r ) w11dx
'..,ng 2 o'

Applying Hamilton's principle, namely

frC2 (8 T+8W) dt=O

and writing in terms of the Lagrangian, we have

or

17



af[ 2 (T-U+W) dt=o

t~l

The contribution from the piezoceramic actuators may be modelled as

applying a continuous moment along the interval a-b. This can be

done because the piezoceramic elements apply a continuous force (in

opposite directions) along each side of the beam, and over a

differential interval, produces a continuous moment. We will also

apply a transverse disturbance force at the tip of the beam.

The external forcing term, q, is

q(x, t) = 2hEpA• Vact (t) + PL8 (x-L)
tp

= rvat ( t) + PL8 (x-L)

where:

r = 2hEPAP d

Then, the virtual work becomes

8w = fo 1d" - f(ct)/S" x + 'Va o€ f:aw'" + PL8WIL

+ M08 ( aw(O, t) ) + ML8 ( aw(L, t) ) + Vo8W(O, t) + VL8w(L, t)ax ax

Assuming Eb,EpIbIp,pb,pp, and Cb are not functions of x, the

18



Lagrangian becomes

C2 (P LAbf i~dx + p b A ix + mti, 1~' 8WcL + Itlp4WXML 8 ;;x/,L

- Eblbfo LW18 w"dIx - EIf b1 1  L~d ;,/lf 18 W"dx;

brac tf8w'dx + PL8WIL + M08 ( aW(O't 0 + M,8 ( aw(L, t)
+r. tfaax aIx

+ V08w(O, t) + VLbw(L,t0)1dt =0

Integrating by parts (term by term):

PbAbf Lf'Tw8 dtdZX= PbAbf L[ (ArW) Ijt 2 f'20Wdt:] dX

(The second term may be disregarded for now because it will be

replaced by initial conditions later.)

-Eb bfw"wd 0 0E~ [wfwI -"1 w"'wj + Ci1 1

-E I ,fw8WIdX = _E~I [w5'~ - W j'wb

Cb ,bfW8WIdX = _Cb~ W4wj S5j fLI/Iwx

Putting like terms together,

19



ft~L ( '~b-E I """1+biV 8wdx

+f" (-p~pA-mpipw" +C;pI) 8wdx] dt = q(x, )

Forcing 6w * 0, we get the equations of motion

- for a < x < b :

ppb.O - (Cbmb+c'pIp) i/, + (Eblb+EIP) w"l" = q(x, t)

- elsewhere:

PbAbP - CbIbw1'" + EbbmW1' + mCiPwjL + ItiUPIL = q(x, t)

The boundary conditions are the "leftovers" from the integration by

parts. The small amount of structural damping in this system will

not significantly affect the mode shape, therefore it will be

neglected in the boundary conditions. (21) Applying the boundary

values for this beam (ie. - a = 0, the total length = L and b < L):

(Vo- (Eblb+EPIP) w') 8w(O, t) =0

(VL+Eblbw"') 8W(L, t) =0

(Vo-(EbIb+EpIp) w"')8w(b, t) = (VL-EbIbw"')8w(b, t)

NMO + (EbIb+EPIp) w") 8wl(0, t) =0

20



(ML-Eblbw") 8w'(L, ) =0

(Mo+(EbIb+EpIp) w")w81 (b, t) = (ML-EbIbw")8w'(b, t)

As shown in Table 1, the value of EpIP << EbIb , therefore it will

be neglected, eliminating the boundary condition at "b".

Performing separation of variables, let w(x,t) = O(x)O(t):

PlAb$O + EblbO ...0 - Cb'b'O + mUiP($O) IL + tip (40e) IL 0

P,•O+ ,__ _ CbIb IIII6 + m eIL + k 11 0
Eblb 40 EbIb 4b EbIb EbIb 40 0

_eA + fý4+ ( _Ei + I.SLP. V ) L " -4

EIe E El EI 4 I e

The solution of this problem is greatly simplified if the

contribution of the tip mass is removed because the mass couples

the time and spatial functions (the effect of neglecting the mass

will be seen in the analysis using the I-DEAS computer simulation.)

When these functions are uncoupled, we can solve the homogeneous

equation to find the eigenvalues:

)1111_•4ý = 0
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A solution of which is

1nW = A,,~k,+,snL.xCcosh ,+DinX,

The derivatives with respect to x are

*' (x) -AAsnx=B olx)--sn~x)L~cs)n

Substituting these into the boundary conditions (neglecting the

small contribution from the viscous damping):

(V-I)'810= 0 80 (0) =0 40(0) =0

(VL+E4 .. ) 8(01L =0 - *40/// = 0

(M+D01 O',0= 0 841/(0) 0 - 0/(0) =0

(ML-EIo") 8~'0'L =0 - "(L) = 0

In matrix form:

1 0 10 Ani 0
,X3S (AL) -A 3C(XLL) X3sh(IL) X 3ch (,XL) Bn 0

-,X2C(AL) -A 2 S (IL) 1 2ch (XL) X2Sh (XL) DA 0
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the determinant of which is:

(1+coS (XL)cosh(LL)) = 0

A closed-form solution is not available, but solving numerically,

the first three values are:

Table 2

MODE (i) kL

1 1.875

2 4.694

3 7.855

For free vibration of a uniform beam,

u" - X.44, = 0

where

X4 = pACj 2

El

Rearranging,

(2
x4 pA 1

EI

(I 1 L) 2 (EI) 1 /2

L 2  pA

we can find the theoretical resonant frequencies associated with

each mode for a given beam.
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For our beam,

Table 3

MODE w (r/s) f (Hz)

1 253 40

2 1585 252

3 4440 707

Now solve for the coefficients from the matrix equations.

An+Ca =0 An =-Cn

SBn+IDn :0 Bo = -Dn

cosAnL+coshAnL
sinXnL+sinhlAL

Then,

4n = An (cosXnx-coshXnx+ cOSsnL+COShnLx-sinx)
sinXnL-sinhXLnL

Now that we have the mode shapes, we will derive the modal

frequencies and damping factors, then turn the continuous system

equations of motion into a sum of discrete equations.

Represent the original equation of motion by an infinite sum

of discrete equations:
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[mto n - CI1n + E1 n] = q(x, t
n-0

Applying orthogonality (19), we multiply both sides by the mode

shapes, *n, and integrate with respect to x. All terms of the form

0,ý, individually integrate to zero, leaving only orthogonal modes.

This allows us to separate and study the characteristics of

individual modes, and determine the effect each external load has

on each mode.

n nrf~d + + Y A ý,4nf dx f~onq(x, t) dxc
nl-1 n'l--1

where q(x, t) represents all external loading

Choose an arbitrary modal amplitude, A,, such that

then define

mf~odx- modal mass, Mn

Integrating by parts:

L nn"L - "n'nO + fL(4ll)2dX

- All boundary conditions vanish due to orthogonality.
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Substituting,

- j cIf(,011)2dc+,~ f~~)d ~q~ 1 t ~

Let

also,

then,

Mlan CA n = ,)nfO (xq(x t)c4x

nl.1

This infinite sum may be truncated, leaving an approximate solution

to the continuous problem. Let N be number of desired modes.

Then, in matrix form;

N N[ [11 [O~n] + [2(n] [6n] + [n] [ Cn]] = E [Man] - [f q(X, t) dx]

n=

In order to incorporate this equation into controller design, it is

desireable to transform it into state-space form:
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(A){X}+ [B] Vact + (E]PL

Let

where Vact is the input to the piezos and PL is a disturbance force

at the tip of the beam, normal to its surface.

Then,

[A) = [ 01 • [ 1 [ v

[0] [I]=

[C] = I I. ". :4
f( L 0I 2dx 0

0

f oL.(it"(4dX ..

0 0

[c,] = [MV-[C] = C 2
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f L (,011 2dX 0'
00

[RI A '.I

0 ... Lo <

2 o

[M] (K]

From pages 18 and 59

[01

[B] 0 N
bON

[El = [ - l•

[0]

[E] =1

Mathematica was used to evaluate the integrals to obtain the

elements of the matrices. The constants used in the evaluation are

listed in Table 4.
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Table 4. Beam Dynamic Property Constants

Constant Value Units

C 3.0915e05 lbf*s/in

E 6.1820e06 lbf/in2

I 5.335 in 4

0.025 (none)

m 647.4e-06 ibm/in3

The vector of arbitrary modal amplitudes was chosen to match

the results of the analysis performed with the I-DEAS software

(which immediately follows this section.) The vectGr is:

A, 18.44
= 5.92

3.92

The evaluated matricies (for the first three modes) are:

12.30 0 0
[M] = 0 1.269 0

0 0 0.558

156.0 0 0
[C] = 0 107.0 0

0 0 146.0
7.89 e05 0 0

[RI = 0 3.19e06 0
0 0 ii.OOeOJ
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2.1.1.3 Analytical Beam Characterization using I-DEAS software.

In order to validate the derived analytical model of the last

section, it was necessary to build a dynamic computer model.

I-DEAS, a structural analysis program by the Software Development

Research Corporation (SDRC), allowed dynamic analysis of the beam,

including the effects of root (base of the beam) stiffness and tip

mass. Two methods of modelling were explored: Finite Element and

beam-section. Finite Element analysis has two significant

drawbacks in I-DEAS. One is that file handling and system solution

are extremely slow. The Model File for the FEM of the beam shown

in Figure 4 required no less than 10 minutes to load/save on a Sun

workstation. System solution took more than 90 minutes (if a fatal

error did not occur.) The second problem is even more prohibitive.

Only three modes can be solved for at a time. Figures 5, 6, and 7

show the first three vibrational modes of a box-beam. The third

bending mode for one axis was actually the tenth vibrational mode

due to the presence of torsional, "box" (figure 7), and bending

modes in the other axis. Thus, a beam can have many modes to solve

for before the required bending modes are extracted. There is a

long, round-about procedure for continuing to process higher modes

using I-DEAS FEM, but not only could I not figure out how to do it,

the program still only solves three modes at a time. An additional

problem is that I could not model root stiffness or the tip mass

with FEM.
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A completely different approach in I-DEAS is to create a

"system" of the beam, tip mass, and base. The beam is a series of

beam elements - similar to finite elements, except that the

elements are modelled using Bernoulli-Euler theory, just as in the

preceding section. All three parts of the system are built

separately as components and are later connected together (either

directly or with dynamic connectors) to form a system. A direct

connection was made between the beam and the tip mass, and a

connector with a spring stiffness joined the beam to the base. The

complete system is shown in Figure 8. The tip mass was modeled as

a rigid body, and the beam as 10 beam elements, each with the same

cross-sectional and material properties. The cross-section is

shown in Figure 3. The root stiffness and other physical

properties were altered in successive iterations of the solution

until an exact match (in terms of frequency response) between the

I-DEAS and experimental transfer functions was found. Parameters

such as Young's Modulus (E), mass density (p), and root stiffness

were not supplied with the beam, nor could they be meast27ed

directly. Young's Modulus was determined indirectly from

experiment. Mass density and root stiffness were varied until the

transfer functions were identical. Root stiffness was set to

infinity (the node was restrained in all directions) before a match

was made. The mounting base of the beam, therefore, is extremely

stiff. The tip mass made the only significant difference in

shifting the location of the second and third fundamental
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frequencies with respect to the first. The Euler beam theory with

the tip mass omitted produced higher second and third frequencies

as shown in Table 5.

Table 5. Fundamental Frequencies - IDEAS vs Euler Theory

Mode IDEAS (Hz) Euler (Hz)

1 40.3 40.3

2 236 252

3 600 707
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The first six vibrational modes of the beam are shown in

Figures 8 through 13. The first (Figure 8), third (Figure 10), and

sixth (Figure 13) are the first three bending modes about the Y-

axis. They correspond well to the expected shapes for these modes.

(See Matlab plots 8a, 10a, 13a.) Varying the amount of tip mass

changed the types of the first several modes by adding/removing

torsional and extensional modes between the bending modes.

As may be seen from the system matricies below, the modal

masses differ slightly between the two solution methods, but the

modal damping and stiffness match exactly. This is to be expected

since the only true difference between the two models is the tip

mass.

I-DEAS Modal System Matricies

So o
12.30 0 0 ii156.0 0 0 1 8e5 0 0

1.44 0 2 + 107.0 0 2 0 3.19e06 0 2
0 0 0.778 0 0 146 .0 0 0 11 .Oe j '3

Analytical Modal System Matricies

12.30 0 0 ~1+156.0 0 0~1 r8  0 0 0j~
0 1.269 0 2 0 107.0 0 2 0 3.19e06 0 2

0 0 0.558 0 0 146.0 0 0 11.0eO j 3

Since the effect of the mass at the tip will be present in the

experimental model, the I-DEAS matricies will be used as the

analytical system model.
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I-DEAS does not produce modal loading matricies, so the analytical

loading matricies will be used, as derived in the Bernoulli-Euler

analysis. Each load must be multiplied by the appropriate modal

amplitude. These were found by comparing the I-DEAS model to the

analytical modal and determining the constant ratio between the

two.

2.1.2 Governing Equations for the NiTiNOL Sensors

A beam in bending is shown in Figure 14. The plane of any

cross-section passes through the radius of curvature center (point

"c") for a beam in pure bending (see Figure 15.)

P0  Radius of Curvature = AC = BC = constant

z distance, neutral axis - dA

h distance, neutral axis - outer surface of beam

It is assumed that the length of the beam at the neutral axis is

constant.

The strain on the upper and lower surfaces is:

C AL (Po-z)O--PO0  (Po-p-o-Z)O Z
L poe POO PO

then,

E (z) z _z
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A

Radius of Curvature

Figure 15.
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The curvature at a point, lip, is given by:

d 2y
1 __dx
p [1 + (_Y) 2 13! 2

For vibration analysis of beams, the slope is very small compared

to unity. Therefore,

I d 2Y
p dx2

Since the displacement of a point on the beam is not only a

function of x, but also a function of time, let the displacement be

noted by w(x,t). Then

1 �2 w
p aX2

and

%(w) = L X)

The Nitinol sensors are glued to the upper and lower surfaces of

the beam, and the cross-section of the beam is symmetric. The

strain is given by:
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S(x, t) -- -h w-,t
ax 2

The total strain, e , in each Nitinol wire is the integral of the

strain, E, over the entire length of the beam:

N

1=!

= he 'if dx

N

ET = E 'T,
j=1

Using Mathmatica, these integrals were evaluated as (for h = 2.1"):

Mode ET

1 1904.1 01

2 2122.3 02

3 - 2306.1 03

At this point, we only know how much strain will be present in

the NiTiNOL wires as a function of time. We desire an output from

these sensors in the form of a voltage. Since the NiTiNOL wires

are acting as strain gauges, and their electrical resistance-to-

strain relationship is linear, there will be a conversion constant
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to relate the two. This constant will be referred to herein as the

Strain Gauge Factor (SGF). To obtain a voltage output from this

varying resistance, we will use a differential bridge amplifier,

with the two wires acting as two of the four legs of the bridge

voltage divider (See Figure 30.) The output voltage of this

amplifier will be referred to as the sensor output, Vo.

N N

IO = (2)(SGF)(Amp Gain)(Vupply)' E = Ks E T
1=1 i=1

So, the single output of the measurement system, V,,, is

linearly proportional to the sum of the strain contributions from

all modes.

2.1.3 Analytical Accelerometer Response

In the experimental portion of this study an accelerometer is

used in conjunction with a Tektronix Analyzer and STAR Modal

software to find the fundamental frequencies and corresponding mode

shapes of the beam to verify the response of the NiTiNOL sensors

and the accuracy of the modal analysis in the next section. The

relationship between the accelerometer output and the NiTiNOL

output must be developed in order to make such a comparison.

The accelernmeter is placed so as to measure the acceleration

(second time derivative of the displacement) at the tip of the

beam. In terms of modal accelerations, the tip acceleration is
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N

1=1

The voltage output is

Vo.., =w (amplifier gain)
N

Vo.0 .1 KaccQI 40 1 IIL
i-1

Let

01 = A1 (cos((t) + sin(wt))

)i)2

)3[Vo0 I, = [36.8802 -i... 84•2 7.84o2 0 0 0] 1i

)2

To determine the relationship between the two sensors (NiTiNOL vs

accelerometer), form a ratio of their responses:

N

Vo.0. K.,,h• -•o' I L,
V C N

5=1
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then, for the first three modes (N=3)

vs0  K,,h (e,1~ + eC + E3),)

V04ccl Kaccei (-A)2e1, - 202C - W26313) L

The ratio is complicated, being a function of frequency, the mode

shapes and their derivatives, and the modal amplitudes. There is a

nonlinear correlation between the accelerometer output and the

output of the NiTiNOLs. This ratio must be evaluated at each

frequency in question if a direct comparison of the two sensors is

to be made.

2.1.4 Governing Equations for the Piezoceramic Actuators

The piezoceramic actuators used here are the PZT (lead -

lead/zircon - titanate) type. This material produces a charge if

it undergoes a mechanical strain, or conversely, undergoes a

mechanical strain if a charge is applied across it. We will take

advantage of the latter property.

The strain produced is proportional to the amount of charge.

applied, and is in the plane perpendicular to the axis the charge

is applied to. Reversing the polarity of the applied charge

reverses the direction of the strain (see Figure 3.) This

relationship is given mathematically by:

EP - d3
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where Vact is the applied actuator voltage, d3l is the piezoelectric

expansion coefficient, and tp is the thickness of the piezoceramic.

If the PZT is not allowed to freely deform, that is, if it is

restricted partially or completely, it will develop internal

stress:

ap = Ep(ep -allow) , where cal1owd is the actual displacement

= -h &W
Eallowed - 1 a 2w•.now• x 2

If this stress is applied to the surfaces of a beam, it will cause

a deflection. A PZT on each of two opposite sides will cause axial

strains in the beam if each receives the same charge polarity, and

will cause bending of the beam if the polarities are opposite (see

Figure 16.)
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,Pzo Actuator

a

Stress-Moment Diagram

Figure 16.
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The PZT adds both a passive stiffness and an active stiffness.

There are two ways of applying this attribute to the model of the

beam (see Figures 17 & 18).

1) The PZTs apply a distributed, external load, with the

passive material stiffness incorporated in the open-loop response

characteristics.

2) The PZTs impart a time-varying stiffness, but apply no

external load.
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q(x,t) Piezo Actuator Banks
.-. .1... ........- - - -- : --..7v,,.•s'

Piezos as an External Load

Figure 17.
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E (t) Eb

Time-Varying Stiffness

Figure 18.

Solution of the equation of motion for a beam with time-

varying stiffness is very difficult, therefore, the former method

will be used. By separating the active and passive properties of

the PZTs we may solve for the open-loop response of the beam with

Bernoulli-Euler theory then apply the actuation force as an

external load.

The total moment at a differential element of the beam is

given by:
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M =fob,0zdAb + fA,(Yjzd~p + (2) (h) aYAp

= EbIbW(X, t)/1 + E I w(x, t)" + 2 d Vat

I << IbI so the passive stiffness of the piezos will be neglected.

Then the control moment applied to the beam by the piezos is

M = rVact

where 1 = 2hEpAP-Ld! = 0. 4988

Apply orthogonalization to obtain the moment applied to each mode.

mn= rVactf0bCndx

Or, in state space form

[0]
= Ff04 x[B] [M] -1 [rfo2 O¢x]

Evaluating the integrals, and applying the modal amplitudes

obtained from matching the analytical to the I-DEAS models:

Modal Moment Value

M, - 27.732 Vact

M2 - 35.910 Vat

M3 - 38.176 Vact
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The piezos have the greatest influence upon the third mode and

least on the first. This is because the strain in the piezos is

directly dependent upon the curvature of the beam over the length

they are embedded. Relative curvature between the modes, near the

base, increases as mode number increases.

2.1.4.1 Piezoceramic Actuator Power Requirements

The required actuation voltage potential across the PZTs is in

the range of +/- 150 volts. The maximum current drawn by the

purely capacitive PZTs is given by the basic equation for current

through a capacitor at the maximum frequency and voltage:

(3770,/s) (l.882X10-6 ads) (150W

= 1.06 Amps

Power required is then

P.,.= Im.. *Vact = 159 Watts

This is a considerable amount of power to control just the third

mode of the beam. Of course, the other modes will need power too.

2.1.5 Complete System Model

Now we have all of the elements to model the entire system in

the modal domain.
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12.30 0 0 ' 156.0 0 0 [.89e05 00
0 1.44 0 2+ 107 .0 0 )2+ 0 3. 19e060.70 0 140 1*00 1.Oej1

0 0 0.778 0 460 0 l1.0e0 l 3

= P1-143.78 + V -35.910

|-55.92 |-38.176

Converting to state-space form for the application of MATLAB

algorithms, let

then

0 0 0 1 0 0

0 0 0 0 1 0 62

0 0 0 0 0 1 63

-64.146e03 0 0 -12.683 0 0

0 -2.215e06 0 0 -73.306 0
2

0 0 -14.139e06 0 0 -187.661
3

0 0
0 0

0 0 I
65.73 -2.254 Vac

-99.91 -28.30

-71.80 -68.41
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For a sinusoidal response,

61

32

3

1Y~~j,11=[1904.1 2122.3 -2306.1 0 0 0]
2

3

%1

2

93
[Y.Ccail = (2x1O -3 ) [36.8 862 -11.84 (,2 7.84 (.2 0 0 0]

21

)3

The transfer function of the accelerometer output vs shaker

input as determined with I-DEAS is shown in Figure 19. It compares

favorably with the experimental Bode plot in Figure 37. The open

loop response of an impulse input at the tip, as predicted with

Matlab, is given in Figure 20. Figures 21 - 24 are the Matlab-

created Bode plots of the beam's open loop response (transfer

function) with analytical inputs vs outputs. Figure 21 is the

NiTiNOL output vs shaker input. Figure 22 shows the NiTiNOL

response to the piezo input. Figure 23 is the accelerometer

response to the shaker input at the tip of the beam. And Figure 24

is the accelerometer output with the piezo input.
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Impulse at Beam Tip - NiTiNOL Output

0.06 , ,

0.05

0.04

0.03

- 0.02
CL

E 0.01

0

-0.01

-0.02

-0.030 0.1 0.2 0.3 0.4 0.5
Time (secs)

Figure 20. Impulse Response - Open Loop
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Shaker InputlNtTINOL Output - Theoretical

101

* 10:

C.

- 10"

0

IDg 101 1O, 10l

Input Frequency (Hz)

Figure 21. Bode Plot - Shaker Input/NiTiNOL Output (Matlab)
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Plato InputINfTINCL Output - TheorotIcIl

10-80

I1U 101 10' 10u

Input Frequency (HI)

Figure 22. Bode Plot Piezo Input/NiTiNOL Output (Matlab)
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Figure 23. Bode Plot - Shaker Input/Accelerometer Output (Matlab)

67



PIOzo flnPU1IAccelieromnmter Output - TheoretiCaI
10' I I l ll lI i mii i l u l i

i0m

iol

StO,

C S10'

10o

10-I

11101 10' 10a

Input Frequency (Hz)

Figure 24. Bode Plot - Piezo Input/Accelerometer Output (Matlab)
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2.2 Compensator Electronics Design

Now that we have our plant (beam), sensor (output), and

actuator (input) models, we must close the feedback loop with a

compensator. A block diagram is given in Figure 25. There are

many feedback schemes in use today, and many ways to derive them.

Here we will use rate feedback to control the first three bending

modes (if possible). The beam is a 2nd-order system with very low

( < 2.5% ) internal damping. Therefore, on a root locus plot, its

open-loop poles are off to the left of the imaginary axis. It is

our desire to move those poles as far left as possible in order to

damp the system quickly. Since all poles in a system are "drawn"

towards a zero, if we place a zero to the left of the poles, we can

move the poles toward it by increasing gain. Of course, we cannot

get something for nothing. As gain is increased, noise increases,

and the system becomes unstable. Also, when a real system is

implemented, it is necessary to provide signal conditioning

circuitry such as amplifiers and filters which add their own poles

and gains. It is imperative that these extra poles remain in the

left-half plane over the range of gains desired by the designer.

If the poles are far to the left (fast poles), they will likely not

venture into the right-half plane before one of the plant poles,

but fast poles mean that additional noise will be allowed into the

system. Slow poles, on the other hand, will reduce noise, but may

go unstable at low gains. Obviously, the designer must find a
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D I S T U R B A N C E P L A N T

+ \Y

SENSOR

G(s)

CONTROLLER

H(s)
Figure 25. Closed Loop Block Diagram
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happy median. A common rule of thumb in pole-zero placement is to

place the pole at a value ten times that of the zero. Adding a

zero to the left of its complimentary pole adds LAG compensation.

Placing the zero to the right of the new pole adds LEAD. We wish

to add lead here to obtain rate feedback.

MATLAB allows entering the system into the program in state-

space form, then placing the desired pole-zero compensator in

series with the feedback loop. Plotting the root locus gives a

graphical representation of damping and stability as feedback gain

is varied, allowing the design to be iterated until the pole and

zero addition yield optimum results. Of course, this may not solve

the control problem if some states are unobservable or

uncontrollable, but does readily display exactly what the system

will do.

2.2.1 The Controller Circuit

The logic flow for this system is straightforward. As the

beam vibrates, the resistance in the Nitinol wires varies,

proportional to the beam deflection. The voltage change across

them is detected by a high gain differential amplifier. The signal

is sent through a low-pass filter, which removes high frequency

noise. The compensator provides a -90° phase shift over the

frequency range of the first mode. Inverting the signal provides

a net +901 phase shift that results in a reconstructed velocity

signal without the problems associated with differentiation noise.

The 'velocity' signal is then sent to a high voltage amplifier
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which drives the banks of piezoceramic actuators. This description

parallels that of pole and zero placement, in that a +900 phase

shift is equivalent to adding a zero. Filters add poles. Hence,

a root locus analysis can be used to find the required values for

the individual amplifier components.

We start with the form of a controller with rate feedback and

associated 2nd-order filtering:

0+ 2ýco + A26 =kc• + d structure

+ 2Cc~• +2 compensator

-where d is the external disturbance input.

Taking the Laplace transform (with all initial conditions set equal

to zero), the open loop transfer functions are:

- for the PLANT, G(s) = 0/d

- for the COMPENSATOR, H(s) =

G(s) = a plant
+ 2Ca.s + paa

H(s) = kcs compensator
S 2 + 2(,&)S + wc

where a Force/m

Converting to matrix form:

G(s) = C[sI-A]-'E

H(s) = C,[sI-AJ]-1 B,
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The closed loop transfer function to the disturbance, d, is:

8 _ C[sI-A] "IE
d I + C(sI-A]iE[sKc] Cc[SI-Acl-IBc

-where:

[Al = [0]2 [-21]

[0]

t[E] C Ixi -

[C] = Ken[[E2 ] [0]

[0]

Ivo '(OC 1B] [MI -

We wish to find K, that will increase damping, but not cause

instability. This transfer function may be represented on a root

locus plot. As mentioned earlier, Matlab may be used to simulate

the placement of a pole-zero pair on the root locus of the system.
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This is done by creating a pole-zero pair in "pole-zero" form,

converting it to state space, and placing it in series with the

feedback loop using the "Series" command. The new system root

locus may be plotted and the desired operating point on the curve

chosen. "RLOCFIND" is the command that returns the gain and

poles/zeros for the desired graphical pole placement.

One must solve for the roots (eigenvalues) of the closed loop

[A] matrix to find the damping coefficient, ý,, or, in this case,

we can let MATLAB solve for the roots and damping coefficient.

We want to move the system poles (particularly the high

amplitude mode one poles) as far to the left as possible on the

root locus - which corresponds to the highest possible amount of

(theoretical) damping. Placing the controller poles at -5000 and

the zeroes at -500 has little effect on the mode one poles (see

Figure 26a) because the poles are too "fast" or too far to the left

to have much effect on mode one. The zeroes at -500 are also too

far away from the mode one poles to help. Going to 'he other

extreme, Figure 26b shows the effect of moving both the poles and

zeroes close to the system poles. Now, the mode one poles move

slightly to the left to the controller zeroes, but the controller

poles go to the mode one zeroes as gain is increased. Figure 26c

shows the final placement of the poles and zeroes at -2500 and

-250, respectively. Here consideration was given to maximizing the

damping in all three modes. The damping, (ý), for a gain of K=3240

for modes one, two, and three are 0.85, 0.1, and 0.28,

respectively. It is not likely that 85% damping for mode one is
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actually achieveable, but 10% and 28% for modes two and three could

be possible if future technology for beam construction provides

optimal response of the sensors and actuators.

This beam however is not optimal. The NiTiNOL sensors did not

detect mode three at all and produced a significantly lower than

expected output for mode two. Therefore, control of these two modes

will not be possible.
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III. Experimental Data

In this section, the test equipment and experimental

procedures are explained. Next, the raw data are given, along with

their interpretation.

3.1 Test Structure and Equipment

The active beam is a cantilevered box beam made from graphite

and epoxy. Its dimensions are 6.37 in. wide x 4.19 in. deep x

0.082 in. thick x 56 in. long. Embedded just under the surface, on

opposite sides of the beam, are banks of Type III piezoceramic

actuators and one strand (per side) of Nitinol wire acting as a

strain gauge-type deflection transducer. The dimensions of each

pizoceramic are 1.5 in. x 0.6 in. x 0.01 in thick. They are

arranged in three banks of ten (connected in parallel) for a total

length of approximately 21 in. The active beam is shown in Figure

1, with further details in Appendix A. The material properties

were determined experimentally, and are given in Tables 1 & 4.

Test equipment used are as follows:

1) Tektronics 2642A Fourier Analyzer

2) APS Dynamics Model 113-LA Shaker

3) APS Dynamics Model 114 Dual-Mode Power Amplifier

4) Interface, Inc. 50 lb. Super-Mini Load Cell

5) Endevco Load Cell Amplifier
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6) Endevco Accelerometer

7) Endevco Model 2775A Signal Conditioner

8) Apex Microtech PB58 - Based, scratch built HV Power

Amplifier

9) 4 - Fewlett-Packard HP 6205C Dual DC Power Supplies

10) Mituyo 0-1", 0.0001" Precision Displacement Calibrator

11) Tektronix 2465B Oscilloscope

12) Hewlett-Packard HP 3466A Digital Multimeter

13) Ray-O-Vac 6V Lantern Batteries

14) Control Electronics (fabricated by author)

16) Shaker Stand (fabricated)

17) Micrometer Stand (fabricated)

18) B-K Capacitance Meter

Data sheets for the test equipment are in Appendix B.

3.1.2 Test Setup Procedure

The beam was mounted vertically in a steel and aluminum base

which was then bolted to a reinforced concrete floor. See Figure

27. The connections to the piezoceramics were repaired (they were

damaged prior to receipt of the beam) and tested for continuity

with the capacitance meter. A "good" piezo bank posesses a total

capacitance of approximately 300 nanofarads. All banks were close

to that value, as indicated in Table 6.
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Table 6. Piezo Bank Capacitances

Pair Capacitance

Left 1 294.4 nf

Side 2 313.5

3 317.0

Right 1 '207.6

Side 2 303.5

3 294.4

Next, the static tension on the two Nitinol wires was adjusted

to yield approximately the same resistance in each wire. The

accelerometer was attached to the tip of the beam with beeswax.

The cable from the accelerometer was then connected to the

accelerometer amplifier and its output went to Channel 2 on the

spectrum analyzer. The analyzer's internal signal generator was

connected to the shaker amplifier's input and also input to Channel

1 of the analyzer. The shaker stand and micrometer stands were

fabricated and mounted to the floor on opposite sides of the beam.

The shaker was placed on top of its stand and a connecting yoke was

built as an interface between the shaker armature and the tip of

the beam. It was attached to the top plate of the beam with bolts

and silicone adhesive to prevent any slippage. The precision

displacement calibrator was clamped to the top of its stand so that

its tip just touched the small electrical contact mounted on the

top of the beam. This electrode was connected to an LED continuity
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indicator so determination of contact with the micrometer could be

accurately observed. The last preparatory step was to calibrate

the load cell. This is described in the next section.

3.2 Experimental Procedure

3.2.1 Load Cell Calibration

The load cell was placed on the table with its load axis

oriented vertically. Calibrated weights were placed on top of the

load cell in 2 lb. increments and the corresponding output voltages

recorded. The force vs. voltage plot is given in Figure 28.

3.2.2 Modulus of Elasticity Determination

Two bolts were threaded into the holes in the load cell. By

turning the bolts, the assembly could be lengthened or shortened.

This was placed between the sturdy shaker stand and the tip of the

active beam. The load cell performed two functions: to apply a

force (load) to the tip of the beam, and to display the amount of

force exerted. As a result of this force, the beam would deflect.

On the opposite side of the beam was the micrometer stand. The

distance calibrator (essentially a linear micrometer) was used to

measure beam tip displacement under this static load. A simple LED

continuity tester was built, one lead connected to the calibrator,

the other to the electrode mounted to the tip of the beam. This

was necessary because it was extremely difficult to determine if

the beam had just barely touched the calibrator, or didn't touch it
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at all. A great deal of accuracy was added to this procedure with

the continuity indicator. With all of the apparatus in place, the

calibrator was adjusted for an incremental displacement. The bolts

on the load cell were adjusted until the beam just touched the

calibrator. The output voltage of the load cell was recorded.

This sequence was repeated for each displacement increment.

84



Force Transducer Calibration Curve
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Figure 28.
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The entire procedure was repeated twice. A plot of the data

is given in Figure 29. The slope of the line was the rate of

displacement vs. voltage. Together with the results from Part a.,

the force vs. displacement rate is determined. Calculation of the

modulus of elasticity was straightforward using the relation:

PL
3

3yI

where:

P = applied load
L = length of the beam
I = area moment of inertia
y = tip displacement

This procedure yielded

E = 6.182 Msi

which was utilized in all of the theoretical calculations.
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Force Transducer Output (V) vs. Beam Tip Displacement
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Figure 29.
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3.2.3 Nitinol Sensor Preparation

The Nitinol sensor amplifier is part of the control

electronics (see Figure 30.-) The Nitinol wires are connected to

the amplifier via electrode blocks at the base of the beam.

Coaxial cable was used here to reduce electrical noise. The four

lantern batteries were connected to the control electronics to

provide +12 and -12 VDC. Batteries were also used to reduce the

amount of electrical noise in the sensor amplifier. Standard power

supplies pass approximately 2 millivolts of noise to the amplifier.

This is amplified (by a gain of approximately 100) along with the

sensor signal, often "swamping" the sensor signal.

Each "leg" of the balanced bridge input circuit must posess

exactly the same amount of resistance to be "balanced." When the

beam vibrates, the resistance in each leg is constantly changing

w.r.t. the other leg - and we have an output signal which

represents that vibration. Since the NiTiNOLs move such a small

amount, their resistance changes very little. To balance the

circuit, the NiTiNOL wires are "coarse" adjusted by varying the

amount of static tension on them with the mounting screws at the

ends of the wires. RI, the bridge balancing variable resistor was

the "fine" adjustment which was adjusted to obtain an output of

0.0000 volts from pin 8 of the LM324A amplifier. This is the last

stage of amplification before the controller. The total DC gain at

the output of the controller is approximately 220,000.
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3.2.4 Open LOOP Broad Band Noise Response

The open loop transfer functions of the system with a broad

band noise input were determined. Tests of the individual stages

of electronics circuits were conducted, as well as the beam itself.

The Tektronix analyzer produced an adjustable amplitude broad band

noise signal that could either be input directly to the electronics

of the controller, into the amplifier for the shaker, or the HV

amplifier for the piezos to determine the beam's vibrational

response. The beam is considered the plant in this analysis. Its

response to a broad band noise input at its tip from the shaker was

measured both by the accelerometer and the Nitinol sensor. First,

the accelerometer's amplifier output was connected to Channel 2 of

the analyzer. The output from the noise generator was connected to

both the shaker amplifier and Channel 1 on the analyzer. The

signal generator, accelerometer amplifier, and shaker amplifier

gains were set to levels that provided an unsaturated response in

all devices. The analyzer then averaged 100 samples and calculated

the transfer function. See Figure 31. Next, the same procedure

was applied to the Nitinol sensors. See Figure 32. The output of

the sensors was taken at pin 8 of the LM324A, which is a "raw"

displacement voltage, including only low pass ( <2200 Hz ) filtered

response. The total DC gain at pin 8 is approximately 100.

Transfer functions were then taken for the individual stages of the

control electronics in order to verify their compliance with the

calculated response. The inputs and outputs of each stage were

disconnected from the overall circuit and were connected directly
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to the analyzer's signal generator and Channel 2. The HV stage was

also tested in this manner. See Figure 33.
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3.3 Experimental Data

3.3.1 Load Cell Calibration

The first data collected was that for the load cell

calibration. The output voltage vs. input load (force) data is

plotted in Figure 28. A first-order polynomial was fit to the

data, which is given by Volts = 0.0307 x Force (lbf). The

displacement of the tip of the beam vs. load cell output voltage is

shown in Fig. 29. Again, a first-order polynomial was fit to the

data, the function being Volts = 17.20 x Displacement (inches).

Equating the two functions, the Force vs. Displacement is

Force - P 17.20 = 560261
Displ. y 0.0307

3.3.2 Modulus of Elasticity Determination

Using the data above, and the procedure in section 3.2.2, the

modulus of elasticity was calculated to be 6.182 Msi. With this

value of E, and the measured frequency of the first mode, f = 40

Hz, we can use the relation:

p AL EI (- -) (3 86. )imih- ( • .0) (EI) 1
L f 2A 4 n2

p = 0.0003791b/lin3

to determine the mass density, p. Mass density could not be
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measured by weighing the beam and dividing by the volume because it

is epoxied to four large, irregularly drilled aluminum blocks.

Error in determining the actual weight of the beam would have been

significant.

3.3.3 Measurement of Accelerometer and NiTiNOL Response

The purpose of these tests was to: use the accelerometer to

experimentally determine the beam's modal characteristics, validate

the analytical predictions of the response of the accelerometer and

NiTiNOL sensors to white noise applied at the tip of the beam by

the shaker, do the same with the force applied as a continuous

moment by the piezos. First, since the accelerometer is a proven

reliable sensor, it was used to find the experimental mode shapes,

damping and resonant frequencies. This was accomplished by placing

the accelerometer at 21 equally spaced locations along the beam, at

each location obtaining the transfer function. The Tektronix

Analyzer was used to average 100 samples at each location of the

accelerometer's response to white noise excitation at the tip of

the beam over a frequency range of 0 to 1000 Hz. The sample

locations are in Table 7. The 21 data files were transferred to

STAR Modal where they were reduced to mode shapes and modal

characteristics. The experimental vs I-DEAS characteristics were
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(given as I-DEAS/Experimental)

Mode Frequency (Hz) Damping

1 40.3/42.3 2.50/2.47

2 236/221 1.65/0.82

3 600/603 2.14/1.16

These values are very close, indicating that the analytical I-DEAS

model is accurate. To ensure that the mode shapes were correct,

STAR Modal constructed the mode shapes. These are given in Figures

34, 35, and 36. The first two figures show that modes 1 and 2

behaved as predicted. They are standard shapes for the first two

bending modes of a cantilever beam. Note that there are no

discontinuities at the node marked with an "x". This is where the

piezoceramics end. From this graphical data and the accuracy of

the frequency data we see that neglecting the passive stiffness in

the piezos was acceptable. Mode 3 from Star Modal is very

irregularly shaped. The experimental data used to create this plot

may be invalid because the amplitude of the signal from the

accelerometer at the mode 3 frequency is very low.

The experimental transfer function was manually curve-fit with

Matlab (Figure 31.) The transfer function of that plot, in

rational and canonical forms is:

G(S) = 2.7 S 6 + 610 ss + 3.22e07 s4 + 1.63e09 S3 + 4.67e13 S 2

S6 + 114.2 Ss + 1.64e07 s4 + 5.83e08 S3 + 2.94e13 S2 + 3.97e14 s + 2.21e18
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Coordinates Table - BOEING.PRJ

Point Crd #1 Crd #2 Crd #3 Component Type

1 0.00 0.00 0.00 MAIN R

2 2.80 0.00 0.00 MAIN R

3 5.60 0.00 0.00 MAIN R

4 8.40 0.00 0.00 MAIN R

5 11.20 0.00 0.00 MAIN R

6 14.00 0.00 0.00 MAIN R

7 16.80 0.00 0.00 MAIN R

8 19.60 0.00 0.00 MAIN R

9 22.40 0.00 0.00 MAIN R

10 25.20 0.00 0.00 MAIN R

11 28.00 0.00 0.00 MAIN R

12 30.80 0.00 0.00 MAIN R

13 33.60 0.00 0.00 MAIN R

14 36.40 0.00 0.00 MAIN R

15 39.20 0.00 0.00 MAIN R

16 42.00 0.00 0.00 MAIN R

17 44.80 0.00 0.00 MAIN R

18 47.60 0.00 0.00 MAIN R

19 50.40 0.00 0.00 MAIN R

20 53.20 0.00 0.00 MAIN R

21 56.00 0.00 0.00 MAIN R

Table 7. Placement of Nodes for Mode Shape Testing
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Project : boeing3
Trace A : Undeformed Trace B Mode#1 42.33 HzMode # :1

Frequency 42.33 Hz
Damping 2.47

Figure 34. STAR Modal -Mode Shape 1
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Project : boeing3
Trace A : Undeformed Trace B : Mode#2 220.75 Hz

Mode # : 2
Frequency : 220.75 Hz
Damping : 820.79m
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Figure 35. STAR Modal - Mode Shape 2
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Project : boeing3
Trace A : Undeformed Trace B : Mode#3 603.45 Hz

Mode # : 3
Frequency : 603.45 Hz
Damping : 1.16 %
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Figure 36. STAR Modal M ode Shape 3
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Once the beam model was validated, the sensor models were

tested. The analytical accelerometer model was derived for a

sensor location at the tip of the beam. The experimental location

was also placed at the tip. The transfer function of the

accelerometer response to broad band noise at the tip was measured

over a frequency range of 0 to 1000 Hz. The data was plotted along

with the analytical Matlab prediction in Figure 37. The first two

modes matched closely, but the signal became erratic past the

second mode. This may be due to the introduction of "plate" modes

not accounted for in Euler beam theory.
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The response of the NiTiNOLs to the same (shaker) excitation

was also obtained. As before, analytical vs experimental data are

plotted together in Figure 38. The two should be identical, except

for a gain which varies with frequency. The experimental curve

begins to flatten shortly before the second mode and stays flat up

to 1000 Hz, except for the peak of the second pole. Comparison of

the magnitude plot to the phase plot clearly indicates where the

actual bending modes occur. They are exactly as predicted for both

the accelerometer and NiTiNOLs. A true bending mode in the Y-axis,

with this sensor placement, produces a 1800 phase shift at the

resonant frequency. Negative shifts correspond to poles, while

positive shifts denote zeroes.

It appears as though the wires can sense the first two modes,

but do not sense the third mode at 600 Hz at all. The NiTiNOLs act

like low-pass sensors, having a decreasing response as frequency

increases. This may be because the amplitude of the integrated

strain for each higher mode is a lesser value than the mode before

it. Two other possible causes for this may be either the

amplifier's filtering characteristics or the mass inertia of the

long NiTiNOL wires themselves. one would expect waves to propagate

through the wires (as in "string" vibration theory) which could

account for the poor high frequency response.

Next, the effectiveness of the piezoceramic actuators was

deterw~ined. The procedure was exactly the same as for the shaker

input above with the accelerometer and NiTiNOL outputs, but the
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broad band noise was input through the piezos instead. The Bode

plot for the accelerometer output is Figure 39 and Figure 40 for

the NiTiNOLs. The piezos performed very well, as evidenced by the

accelerometer response. At lower frequencies, they simulated the

actuation authority of the shaker. The NiTiNOLs were not as

responsive as predicted. In fact, the piezo/NiTiNOL combination

produced no discernable output above the first mode.

IV. Conclusions and Recommendations

The NiTiNOL wires are capable of sensing the first two modes,

but due to some internal filtering, cannot sense the third. The

piezoceramic actuators are very capable of providing input up

through the frequency range of the third mode. With the frequency

limitation of the NiTiNOLs, a controller should be designed and

built to control only the first two modes. Time did not permit the

accomplishment of this final stage of experimentation due to the

unexpected amount of time required to fully develop the analytical

and experimental models of the components of the system. Some

doubt exists as to whether the electrical noise in the sensor and

control electronics can be reduced enough to allow the closed loop

system to work. The high gain requirements of the sensor amplifier

and rate feedback controller would mean 10 microvolts of noise at

the input of the sensor amplifier would translate to 10 or more

volts at the output of the high voltage amplifier. This level of
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noise at the input to the piezos will cause excessive vibration in

the beam and draw a significant amount of power (especially at high

frequencies) from the high voltage power supply. This obstacle

aside, based on the root locus analysis, the rate feedback

controller should work.

The next (and final) step in this experiment is the

construction and implementation of the controller circuitry.

Although no increase in damping is expected for the third mode,

some damping is possible in the first and second modes. Regardless

of the outcome of this experiment, the study of active damping

using smart beams should continue, but with a few modifications to

this experiment. First, a beam with a higher length-to-cross

section ratio should be constructed. Plate modes added quite a bit

of uncontrollable vibration to the system. Reducing the amount of

"plate" area while increasing the length will increase the ratio of

bending mode vibration to plate mode vibration. Second,

piezoceramic sensors should be used instead of NiTiNOL wires. They

are much more sensitive than NiTiNOL wires and have a much greater

bandwidth. Also, piezos may be arranged in "banks" or groups along

the length of the beam, providing independent strain measurements

for individual segments of the beam. This information can be used

to accurately determine the exact shape of the beam at any instant.

Third, extra care must be taken to ensure proper lamination of the

piezos to the beam. Delamination renders them useless. It is

possible that some of the piezo elements in the beam studied here

were delaminated, but I could not make that determination.
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APPENDIX A - BEAM CONSTRUCTION SPECIFICATIONS
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3.0 HIGH FREQUENCY TEST ARTICLE

3.1 Dimensions and Configuration

Dimensions and configuration of the high frequency test article are shown in drawings ACESA3OI1 and

ACESA3O2.

End Joint bonded to tube

Spacer and weight Piezo ceramic actuators 16 plies T300/934
attachment plate 000i oia hcns

Fiber-optic sensors

Nitinol sensor

Power bus leads

Tip mass

Fiber optic sensor -0--

Solder joint -4 05"

at power bus 0

Pezo ceramic 04-
actuator

Nitinol sensor -43 y

-____.145

ACES 301. High Frequency Subscale Prototype Design

Extracted from reference #4.



3.4 Piezo Assembly and Insulation

Dimensions and configuration of the piezo assembly used in the high frequency article are shown in drawing
ACESA303 and ACESA3O4. Required processes to fabricate the assemblies are soldering and insulation of
the piezos which are described in sections 4.3 and 4.4 of the PRD, respectively.

Laminate edge Three 10-actuator -gangs-
Kapton insulation

1 5 x 06 xO0010inch pteZO 0....1 inch, TYP
elecvtric ceramic actuator. Typ

Enlarged view of Kapton insulation wrapped around piezoelectrc actialors

Saction View

ACESA 303. Piezoelectric Actuator Assembly for High Frequency Test Article

-'1 5 xO06 xO0010inch piezo
eiectric ceramic actuator. Typ

1 0-actuator 'gang-

0 1 inch,. Typ.

Solder tinned wire lead to piezoelectric ceramic at surface

Gang 1 1X*
~Gang 2 18'

ACESA 304. High Frequency Test Article Piezoelectric Ceramic 10-Actuator Gang
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General Information

SSCOPE CHARACTERISTICS AND PERFORMANCE
PARAMETERS

7' This Instruction Manual provides
operation and maintenance information for Output, into shaker

the APS Model 114 DUAL-MODE Power reactive load . . . . 125 V-A rms

Amplifier. Serial Number effectivity of
this manual is given on the title page. Current Output, maximum. 4.0 A rms

DESCRIPTION AND PURPOSE Current Peak . . . . . . 5.6 A peak

I The Model 114 Power Amplifier is designed Frequency Range. . . . . 0-2000 Hz

to provide drive power for shakers such
as the Models 113, 120S and 129. The Input Signal Voltage . 2 V peak

J amplifier has features which make it

particularly useful for studying the Input Impedance. . . . 100 K ohm

dynamic characteristics of structures.
Noise, referred to

The DUAL-MODE feature of the unit allows maximum output .. . -80 dB

operation in either a voltage or current
amplifier mode, selectable from the front Current Monitor Output . 250 mV/A

I panel. Refer to SECTION 3 for a full
discussion of this feature. Input Power ........... 120V (240 V

Optional)

The completely self-contained unit is 50/60 Hz, 380 W

packaged in a rugged aluminum enclosure

suitable for bench or rack mounting. Rear Panel Connectors

Rack Adapters are included for standard

19-in rack mounting. Integral forced air Power Output. . . .. WK3-31S Cannon

cooling insures continuous operation with

a shaker delivering rated force into Input and Monitor . BNC Type

j blocked, resistive or reactive loads. AC Power ....... 3-Pin Receptical

A current monitor signal permits

monitoring of the instantaneous output Weight ........... .... 25 ib, 11.3 kg

current amplitude and phase.

Protection circuitry will detect an Size (H x W x D)

output short-to-ground and remove the (less rack adapters). 5.22 x 17.0 x

drive signal. 9.25 in., 133 x
432 x 235 mm
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inlierfa ce CALIBRATION CERTIFICATE
INSTALLATION INFORMATION

ADVANCED FORCE MEASUREMENT

INCHES
INSTALLATION DIMENSIONS TENSION

YI - 20 UNF - 2B 1A DEE? FORCETYPICAL

TENSION 
T

Y.-28 UNF - 2B 7DEEP FORCE
TYPICAL

I n e ''le I I .. .... .I3

0122j ,,_j..in 2erface
25 1" {S4 2

1511 13I21 s'
SM-1O, SM-25, SM-50, SM-lO0, SM-250 SM-500, SM-100

ELECTRICAL INFORMATION - -
SM Series is provided with a 4-conductor shielded cable WT OU

(AWG 28) 5 feet (1 5m) long

Wiring Color Code complies with ISA S37 8 "Specifications and G ou t

Tests for Strain Gage Force Transaucers" and SMA Load Cell
Terminology TENSION UPSCALE

APPLICATION NOTES
1 The Super-Mini load cell is for controlled environment 4. The force to be measured should be applied to the active

applications In general, it can be used anywhere a end of the cell to eliminate possible errors due to cable
readout instrument can be used. interaction. The active end of the cell is separated from the

2. At least one diameter thread engagement is desirable, cable/connector side by the slot (cutout) in the flexure

approximately 1" (6mm) on the SM-10 (45N) through 250 (the serial number is always shown on the inactive side).

pound (1000N) ranges and ½/2" (12mm) on the SM-500 5. NOTE: Please exercise caution during handling and
(2000N) and 1000 (5000N) units. Installation of.these load cells. The application of a force

3 Jam nuts may be used, however care should be exercised equaling more than 150% of rated capacity (15 lbs. on

to not apply excessive torque across the load cell. Torque SM-10; 37.5 lbs. on SM-25, etc.) can result In Irreparable

should be reacted against the load cell structure imme- damage.

diately adjacent to the jam nut. 6. These units are not intended for submerged operation A
SM-10. 5 - inch pounds (0 55Nero) Moisture Resistant coating is applied to protect SM Series
SM-i. 50 - inch pounds (ONem) for capacities 25 thru 1000 lbs from high humidity condi-
SM-25. 10 - inch pounds (1.1 Nom) tions up to and including 95% Relative Humidity and pen-
SM-50- 20 - inch pounds (2 2Nero)

SM-100, 250. 40 - inch pounds (4.5Nem) odic exposure to condensation.

SM-500, 1000: 200- inch pounds (22.5Nem) SottomIngouofthemountlngstud caun sw upe daacmagetotheloadc•L.

PERFORMANCE DATA SUPER-MINI LOAD CELL
Input Resistance - Ohms ................ 350+40/-35 Date ..L_, <
Output Resistance - Ohms ................. 350 ± 35 Model- SM- Date 5aI 7
Recommended Excitation - VDC .................. 10 4 el..
Non-Linearity - % Rated Output ............... <=003 f Rated Capacity, lbs l SIN U
Hysteresis - % Rated Output .................. <±0 02 1
Temp Range Compensated - Output Tension, mVN *-. c)

0F (-15 to 650 C) ........................ 0to 150
Temperature effect on zero - -

% Rated Output/1000 F (55 6 0C) ............ ±015 Output Compression, mVN
Zero Balance - % Rated Output .................. <±1 INTERFACE, INC.

7401 E. Butherus Dr.
Scottsdale, Arizona 85260, U.S.A.

WARRANTY 6 CERTIFICATION STATEMENT ON OTHER SIDE Telephone: (602)948-5555 Telex.825-882

For' 1S-3N Copyright © 1984 by INTERFACE, INC Pntd,,m u S A 11882 SK



APPENDIX C - DETERMINATION OF-CIRCUIT TRANSFER FUNCTIONS

The transfer function for an operational amplifier (op amp)

circuit is the frequency-dependent gain of that circuit. The gain

is the ratio of the output to the input. This is also the same as

the ratio of the feedback impedance to the input impedance. If

there is no feedback loop, the gain of the amplifier is infinite (a

well-known characteristic of op amps.) Referring to the simple

filter circuit in Figure C-i, we will find the input and feedback

impedances.

The gain of this circuit is

af = -.-
1 + jaRtC

and for the low-pass filter used in this study,

ALP 22K/22K

(0.02pf) (22K/)s + 1)

1

44xlO-ss + 1

The compensator will add another pole and a zero to the closed loop

transfer function, using a feedback capacitor for the pole, and an

input capacitor for the zero. This is shown in Figure C-2.

Again, we take the ratio of impedances:

114



1

A (1/Re) jwCe

Ri + 1

(RfCt) s
((RC 1) s + 1) ((Rfct) s + 1)

For the actual compensator:

2s
(0.01s + 1) (0.02s + 1)
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A)A

VH +

Fu+ g=CAr-

~~~~ A• ----

Figure C-i. Op Amp Filter Circuits



APPENDIX D - Piezoceramic Driver Amplifier Design

The high voltage amplifier used in this study is shown in

Figure D--l. It was designed and built by the author as follows.

First, determine the electrical load of the piezoceramic

elements. The total load consists of 2 "banks" of 30 elements.

The capacitive load was measured to be

Bank A - 925 nF

Bank B - 905 nF

Total Load - 1830 nf (or 1.830 uF)

Next find the current requirement at the maximum frequency,

since the current will be the greatest at the highest frequency for

a capacitive load. Our maximum frequency is 400 Hz.

1 - 1 = 217.40
2nfC 2n(400) (1.83x10G)

then,

I= Vs - 150V = 0.691A
x. 217.40

For this amplifier, the supply voltage = +1- 140V and the minimum

current required is 0.7A. We calculate the power as

4 V. 4(140)2
Pouý =2-X 27 (217.4)
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With the aid of the Apex Microtechnologies catalog, the PB58 power

IC was chosen as the heart of the amplifier. This device met all

of the operational requirements for this application.

Apex's Application Note #25 provided suggestions and equations

for the supporting circuit design. It explains that pole/zero

placement is very important in order to insure that the amplifier

doesn't oscillate. Pole/zero placement is accomplished with a

combination of analytical and graphical techniques. On the

following page is a composite Bode plot used for this analysis.

The plots for the PB58 and the LM324 preamplifier are drawn in,

along with the composite open loop curve. The closed loop curve is

derived from these in the next few steps. From the AP Note,

1 1= 2210 Hz
fP 2nCL(RO+Ro) 2n (1.8x10-6 ) (35 + 5)

This is the pole created by the load and the isolation resistor.

We need a zero to compensate for this. Graphically, pick a

location approximately 1 decade away that will decrease the open

loop curve to 20 dB/decade at least 1 decade before it intersects

the desired closed loop curve. The zero is plotted at 9 KHz.

Adding a zero is done with the isolation resistor, and to put the

zero at 9 KHz, we must change the value of Riso.

1 1 _ = 100
2nfzCL 2n(9000) (1.8x1O4)

The frequency of the pole changes slightly to 2000 Hz.
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The desired closed loop gain, AVCL = 24 dB (or Gain = 15.) From the

plot, the frequency at which we run out of feedback gain is 58 KHz,

with 20 dB/decade closeure - which indicates the PB58 is stable

with the pole/zero configuration and the desired gain. Now to

close the loop.

Initially, for 1/p = 24 dB, the rate of closure at the

composite open loop curve would be 40 dB/decade, which indicates

instability. We must add another zero at 9 KHz and a double pole

at 30 KHz to change the rate of closure. Let RF = 150K and Ri, =

10K for a composite gain of 15. Then,

1 1
27cfplRF 2n (30KHz) (150KO)

At the input, R = 1KQ, so

1 1
C 1 1 = 0.0047uF

2nfp2R 2n (30KHz) (IKg)

The other zero is created when we apply feedback from the Vout node,

due to Rjo and CL.
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